We review the progress towards multi-trench fibers for high power fiber laser applications. Such fiber designs address several challenges associated with power scaling of high power fiber laser.
(a) Schematic of refractive index profile of MTF. Inset shows the 2-D cross-section of MTF. Where rc is core radius, t is trench thickness, d is resonant thickness, and Δn is the index difference between cladding and trench (b) The fabricated refractive index profile of 90µm core MTF for rod type configuration. Inset shows the microscope image of fiber 2D cross-section. Figure 1 (a) shows the schematic of MTF. Inset shows the 2D-cross-section of fiber. MTF ensures high leakage losses to the higher order modes (HOMs) of core by inducing resonant coupling between core and resonant ring modes. Numerical analysis using finite element method (FEM) ensures an Aeff of larger than 5,000µm 2 in a 100µm core MTF while ensuring very high leakage loss of HOMs (higher than 90dB/m) and low loss of FM (lower than 1dB/m) for optimum cladding parameters. Figure 1(b) shows the measured refractive index profile of a 90µm core fabricated MTF. Inset shows the microscope image of 2-D cross section of fiber. In this first iteration of fabrication, we could not hit all the optimum fiber design parameters. Numerical simulation over the measured RIP shows FM mode loss is lower than 0.05dB/m, LP11 mode loss is larger than 12dB/m, and other HOMs loss are larger 35dB/m. On the other hand, their power fractions in core are larger than 97% for FM, lower than 60% for LP11, and lower than 76% for other HOMs. The Aeff is larger than 3,100µm 2 . Figure  2 (a) shows the S 2 measurement in a 90cm long fiber [5] . We did not observe any signature of the HOMs. We also did qualitative analysis of output beam using experimental set-up as shown in Fig. 2 
Multi trench fiber for rod-type configuration

(b). Figure 2(b)
shows the output beam profile captured by the CCD camera. The output beam profile is nearly Gaussian although a few cladding modes can also be seen. This fiber shows significant microbend sensitivity as the outer diameter of the current fiber is merely 370µm. To overcome this, the outer diameter of fiber should have been ~1mm. This microbend sensitivity makes it significantly difficult to eliminate the cladding and ring modes, and thus difficult to precisely calculate the loss of the FM mode. Figure 3 (a) shows the refractive index profile of the fabricated 30µm MTF for bend configuration. Numerical simulations show that a 30µm core diameter MTF with d=8µm, t=2µm, and Δn=-0.005, provides an effective area (A eff ) of the FM larger than 407µm 2 in 28-50cm bend diameter range at wavelength 1060nm. Figure 3(b) shows the experimental set-up used to verify the single mode behaviour of fiber. For various off-set and multimode launching, fiber ensures a single mode operation. We also compared fibers with high and low-index coating to study the impact of polymer coating on single-mode behaviour. S 2 measurement ensures effective single-mode behaviour in both high and low-index polymer coated fibers. Although, MTF offers effective single mode operation with very high suppression of the HOMs but they still require core refractive index matched to the cladding index. On the hand, we recently proposed STF which can offer core refractive index to be higher than cladding. Figure 4(a) shows the schematic of STF having higher refractive index of core than cladding. Figure 4(b) shows the refractive index of fabricated Yb-dopants doped preform. D-shaped fiber was drawn with outer diameter of 185µm and core diameter of 30µm. Fiber was coated with low index polymer. Figure 4 (c) and 4(d) shows the output beam profile of fiber with respect to multimode input beam launch using set-up as shown in Fig. 3(b) . These measurements ensure an effective single mode operation. This fiber shows more than 80% slope efficiency at wavelength 1040nm in a 4%-4% laser cavity. Also, numerical simulations show that the effective single mode operation can be ensured by high loss of HOMs (higher than 10dB/m) and high power delocalization of HOMs (30% discrimination between HOMs and FM) in a core of 50µm. An A eff larger than 1,000µm 2 can be achieved at 20cm bend radius. 
Multi trench fiber for bend configuration
Single-trench fiber for record delocalization
Conclusion
We have demonstrated novel fiber designs which offer large A eff with effective SM operation by exploiting high loss and delocalization of HOMs. Proposed designs can achieve A eff larger than 1,000µm 2 and 10,000µm 2 in a compact and rod-type fiber laser respectively. Being a cylindrical and all-solid structure, the proposed fibers are suitable for mass production. Furthermore, unlike PCFs, these fibers are easy to cleave and splice.
